Rationale: Acute respiratory distress syndrome (ARDS) remains a major cause of respiratory failure in critically ill patients. Mesenchymal stromal cells (MSCs) are a promising candidate for a cell-based therapy. However, the mechanisms of MSCs' effects in ARDS are not well understood. In this study, we focused on the paracrine effect of MSCs on macrophage polarization and the role of extracellular vesicle (EV)-mediated mitochondrial transfer.
Acute respiratory distress syndrome (ARDS) is the leading cause of mortality and morbidity in the critically ill. Although mortality rates have fallen with modifications in mechanical ventilation, they remain as high as 25 to 40%, and no effective pharmacological treatments are available (1) (2) (3) . ARDS results from multiple causes, pneumonia and sepsis being the most common and most devastating. Uncontrolled alveolar inflammation is the hallmark of this disease. Alveolar macrophages (AMs) provide defense against respiratory pathogens and orchestrate inflammatory responses in the distal respiratory tract. Macrophages are polarized by environmental cues and adopt different phenotypes. M1 proinflammatory and M2 antiinflammatory phenotypes are associated with the acute and resolving phases, respectively, of inflammation in ARDS (4, 5) . Mesenchymal stromal cells (MSCs) are increasingly recognized as a promising candidate therapy for ARDS (6) . We and others have reported that MSCs improve survival, reduce inflammation, and enhance bacterial clearance in preclinical models of lung injury (7) (8) (9) (10) (11) (12) (13) (14) . Secretion of paracrine factors, modulation of host cells via secretion of extracellular vesicles (EVs), and mitochondrial transfer were shown to be important for the therapeutic effects of MSCs in these studies. These data have lent support to phase I/II clinical trials in which researchers are testing MSC administration to patients with ARDS (15, 16) . Currently, however, there are no potency assays in place to aid in the selection of MSC donors before administration of MSCs to patients (17) , and despite rapid progression of MSCs to clinical trials, a complete understanding of the mechanisms of MSCs' immunomodulatory effects remains elusive.
MSCs have the capacity to transfer mitochondria to the alveolar epithelium, enhancing bioenergetics and mitigating lung injury (9, 18) . Our group previously demonstrated that MSCs transfer mitochondria to human macrophages via tunneling nanotubes, which enhanced their phagocytic capacity and facilitated MSCs' antimicrobial effects in murine Escherichia coli pneumonia (19) . Importantly, depletion of AMs abrogated MSCs' protective effects in this model, suggesting that AMs are key cellular mediators of MSCs' effects. Although contact-dependent mechanisms such as these are important, a large body of evidence suggests that MSCs' therapeutic effects are mediated by paracrine factors (20) (21) (22) . Recently, EVs have emerged as an important component of the MSC secretory repertoire. MSC-derived EVs may contain a diverse cargo, including proteins, mRNAs, microRNAs (miRNAs), and mitochondria, the functional effects of which remain largely unknown (9, (23) (24) (25) . MSC-derived EVs alone are capable of recapitulating many of the beneficial effects of MSC whole-cell therapy (25) (26) (27) (28) . Phinney and colleagues observed the transfer of MSC mitochondria and miRNAs via EVs to human macrophages in a model of silicosis and found that mitochondria enhanced macrophage bioenergetics, whereas miRNAs suppressed Toll-like receptor signaling (24) . They observed that normoxia (21% oxygen) induced oxidative stress, thereby promoting mitophagy in MSCs. Ghanta and colleagues then demonstrated the importance of autophagy in maintaining healthy mitochondrial function and promoting survival in MSCs during oxidative stress (29) . The influence of mitochondrial transfer on macrophage phenotype, however, has not been studied extensively. Vats and colleagues showed the importance of mitochondrial oxidative phosphorylation in the induction of IL-4-induced antiinflammatory M2 macrophage polarization (30) . Indeed, glucose metabolism is intrinsically linked to a macrophage activation state with M1 proinflammatory macrophages using glycolysis (31) .
In the present study, we sought to characterize the effects of MSCs on human macrophage polarization in in vitro models of ARDS. We tested the hypothesis that mitochondrial transfer from MSCs to macrophages via EVs modulates macrophage function through promotion of oxidative phosphorylation. Some of the results of these studies were previously reported in the form of abstracts (32) (33) (34) (35) .
Methods
See the online supplement for detailed methods. 
Isolation of MSC-derived EVs
MSC-derived EVs were isolated as previously described (27) . Briefly, 15 3 10 6 cells were cultured in media supplemented with EV-depleted serum for 48 hours. CM was then collected and centrifuged at 10,000 3 g for 20 minutes to remove cells and debris, followed by centrifugation at 100,000 3 g for 2 hours to isolate EVs. EVs were resuspended in 2 ml of media (7.5 3 10 6 cells/ml). Flow cytometry was used for characterization of EVs using a FACSCanto II flow cytometer and FACSDiva software (BD Biosciences). Analysis was performed using FlowJo version 7 software (FlowJo, Ashland, OR).
In Vivo LPS-induced Lung Injury Model C57BL/6 male mice (8 to 10 wk old; Harlan Laboratories Ltd., Shardlow, Derby, UK) were used. Animals were maintained in the Biological Services Unit at Queen's University Belfast. Experiments were sanctioned and approved by the U.K. Home Office and the Queen's University Belfast Ethical Review Committee. Mice were anesthetized by isoflurane inhalation, and 20 mg/kg LPS was instilled intranasally. Four hours after injury, AMs from ex vivo culture were given intranasally (2.5 3 10 5 AMs/mouse) after xylazine/ketamine anesthetization. Twentyfour hours after injury, mice were killed, and BALF was taken for analysis.
Mitochondrial Transfer and Functional Studies
For assessment of mitochondrial transfer, MSC and human monocyte-derived macrophage (MDM) mitochondria were prestained with MitoTracker Deep Red and Green, respectively (Thermo Fisher Scientific, Renfrew, UK). CM was taken from prestained MSCs and added to MDMs for 24 hours to allow EV uptake, and mitochondrial transfer was visualized using the EVOS FL Auto Imaging System (Life Technologies, Carlsbad, CA). For functional studies, MDM mitochondrial function was inhibited with oligomycin at 3 mg/ml, and MSC mitochondria were inhibited by pretreatment for 48 hours with 1 mg/ml rhodamine 6G (both from SigmaAldrich, St. Louis, MO), which both target ATP synthase (38, 39) . Mitochondrial respiration was assessed using the Seahorse XF Cell Mito Stress Test Kit and an XF e 96 Extracellular Flux Analyzer, and analysis was performed using Wave version 2.2 software (all from Agilent Technologies, Santa Clara, CA).
Statistical Analysis
Analysis was performed using Prism 5 software (GraphPad Software, La Jolla, CA). Experiments for each MDM donor were performed at least in triplicate; the average of three technical replicates was taken as a single data point for each donor, and the data points were pooled together for statistical analysis. Pooled data were presented as the mean with SD. For parametric data, Student's t test or one-way analysis of variance with post hoc analysis using Bonferroni's selected comparisons was performed. For nonparametric data, the Kruskal-Wallis test with post hoc analysis using Dunn's selected comparisons was used. The statistical significance level was set at P , 0.05.
Results
MSCs Induce an Unconventional M2-like Phenotype in MDMs with Increased Phagocytic Capacity in the Presence of E. coli LPS LPS stimulation increased MDM secretion of proinflammatory cytokines tumor necrosis factor (TNF)-a and IL-8. MSCs significantly diminished TNF-a and IL-8 production by 58 6 8% and 30 6 15%, respectively ( Figures 1A and 1B) . Table 1 summarizes the effects of MSCs on MDM production of cytokines and chemokines associated with M1 and M2 macrophage polarization.
The M1 cytokines IFN-g, IL-1b, IL-12p70, and IL-17, as well as the M2 antiinflammatory cytokine IL-10, were not detectable in these cocultures. Levels of the M1 cytokine IL-23, the M1 chemokine (C-C motif) ligand 5 (CCL5), the M2 cytokine IL-1ra, and the M2 chemokine CCL17 were unaffected by MSCs. Levels of the M2 chemokines CCL18 (68 6 21% reduction) and CCL22 (79 6 12% reduction) were also diminished with MSCs, although the reduction in CCL18 levels was not significant.
In this study, we investigated expression of an array of markers previously shown to be suitable for human macrophages (Table 2 ). Among them, only expression of CD206 (a marker for M2 polarization [40] ) demonstrated differential regulation by LPS and MSCs; MDM expression of CD206 was significantly increased by MSCs in both the presence (40 6 16% increase) and the absence (25 6 12% increase) of LPS ( Figure 1C) . Notably, expression of CD163 (an established M2 marker [41] ), although detectable, was not affected by any of the stimulations. MSCs significantly increased the proportion of phagocytic MDMs in the presence of LPS by 2.9-fold compared with LPS alone ( Figure 1D ). In contrast, fibroblast cell control studies demonstrated that although fibroblasts diminished TNF-a secretion by MDMs, they did not influence IL-8 levels or CD206 expression, indicating that the observed effects were specific to MSCs (see Figure E1 in the online supplement).
MSCs Modulate MDM Phenotype and Function in BALF from Patients with ARDS
To more closely mimic the ARDS environment, we cocultured MDMs with MSCs in 30% BALF of patients with ARDS or healthy volunteers. ARDS BALF resulted in a sharp up-regulation of TNF-a secretion, which MSCs significantly reduced by 53 6 16% ( Figure 2A ). MSCs reduced IL-8 levels in the presence of ARDS BALF; however, this did not reach statistical significance ( Figure E2 ). Consistently, MSCs were able to significantly increase the proportion of MDMs expressing the M2 marker CD206 ( Figure 2B ). In the presence of ARDS BALF, MSCs were able to double the proportion of phagocytic MDMs ( Figure 2C ).
MSC-derived EVs Expressing CD44 Are Partially Responsible for the MSC Antiinflammatory Effect and Enhanced Phagocytosis
Flow cytometric analysis demonstrated that MSC CM contains a population of particles less than 4 µm in diameter (referred to herein as extracellular vesicles or EVs). This is consistent with the literature showing that MSC-derived EVs range from less than 100 nm to 1,000 nm (24, 27) . Further characterization demonstrated that EVs were more than 90% positive for MSC membrane and more than 90% negative for annexin V and propidium iodide staining, indicating minimal contamination with cell debris or apoptotic bodies and, importantly, that EVs demonstrated uniform expression of CD44 (.98% positive) ( Figure 3A) .
Preincubation of MSC CM with anti-CD44 antibody, but not with IgG, partially abrogated the effect on MDM TNF-a secretion. (Suppression of 70 6 19% was reduced to 43 6 15% after CD44 neutralization.) Importantly, anti-CD44 antibody did not alter TNF-a secretion by MDMs without the presence of MSC CM ( Figure 3B ). As before, MSC CM significantly increased MDM phagocytic activity in the presence of LPS. The percentage of phagocytic MDMs was increased by 28 6 5%, and the MDM phagocytic index (determined by median fluorescence intensity) was increased ninefold compared with LPS stimulation alone. Anti-CD44, but not IgG, completely reversed these effects. Antibodies administered to MDMs in the absence of MSC CM had no influence on phagocytic activity ( Figure 3C ).
Adoptive Transfer of Murine AMs Treated by MSC-derived EVs Confer Protection in LPS-induced Lung Injury
To test if modulation of macrophages by MSC-derived EVs has a therapeutic effect in vivo, AMs were isolated from C57BL/6 mice, treated ex vivo with MSC-derived EVs for 48 hours, and adoptively transferred intranasally into mice, which were challenged with LPS to induce lung injury. Intranasal instillation of LPS into mice resulted in lung injury at 24 hours, as evidenced by increased inflammatory cell infiltration and protein content in the BALF. Treatment of mice with MSC-derived EV-treated AMs 4 hours after LPS challenge reduced total cell counts in the BALF by 45 6 13%, absolute neutrophil counts by 61 6 10%, BALF TNF-a levels by 40 6 15%, and BALF protein by 52 6 6% compared with LPS-injured mice that received vehicle control treatment ( Figure 4A ). Importantly, treatment of mice with AMs cultured ex vivo and not treated with MSC-derived EVs had no effect ( Figure 4B ). Cytospin preparations of BALF demonstrated substantial inflammatory cell recruitment to the alveolar compartment, consisting predominantly of neutrophils in the LPS-injured group, which was reduced by administration of EV-treated AMs ( Figure 4C) . 
MSC-derived EVs Transfer Functional Mitochondria to MDMs, Enhancing Macrophage Oxidative Phosphorylation
Flow cytometric analysis of MSC CM demonstrated that 25% of MSC-derived EVs detectable by this method were positive for mitochondria ( Figure 5A ). Mitochondrial transfer from MSCs to MDMs was visualized by fluorescence microscopy. MSCs were prestained with MitoTracker Red FM, and CM was collected and added to MDMs that had been prestained with MitoTracker Green FM and Hoechst nuclear stain (blue in Figure 5B ). At 24 hours, there was evidence of MSC mitochondria-containing EVs adhering to the MDMs (red staining, white arrows in Figure 5B ) and colocalization of MSC mitochondria into the MDM mitochondrial network (yellow staining, yellow arrow in Figure 5B ). To specifically inhibit mitochondrial respiration in MSCs, MSCs were pretreated with rhodamine 6G, which irreversibly binds to ATP synthase (38) . Rhodamine treatment abrogated MSC mitochondrial respiration while enhancing nonmitochondrial respiration ( Figure E3A) . Importantly, the capacity of MSCs to secrete paracrine factors (angiopoietin 1, IL-8) was not significantly affected ( Figures E3B and E3C) , ruling out nonspecific effects of rhodamine on MSCs' capacity to secrete soluble factors. Rhodamine did not induce cell death in MSCs after 48 hours (Figures E3 and  E3D) . MSC CM enhanced mitochondrial respiration capacity in MDMs compared with MDMs stimulated with LPS alone. CM from rhodamine-pretreated MSCs had no effect on these parameters ( Figure 5C ).
Transfer of
The ATP synthase inhibitor oligomycin drastically increased the MDM TNF-a response to LPS (3.8-fold). Oligomycin treatment had no cytotoxic effects on MDMs after 24 hours ( Figure E4) . Importantly, the addition of oligomycin completely prevented the antiinflammatory effect of MSC CM ( Figure 6A) . Similarly, oligomycin completely reversed the effect of MSC CM on MDM phagocytosis ( Figure 6B ). These results provide evidence for direct involvement of mitochondrial oxidative metabolism in MSC CM-mediated modulation of macrophage function. CM from MSCs pretreated with rhodamine 6G lost the capacity to reduce LPSinduced TNF-a production, enhanced the phagocytic capacity of MDMs, and up-regulated expression of the M2 marker CD206 (Figures 6C-6E) . In aggregate, these data demonstrate that MSCs modulate primary human macrophages through EV-mediated transfer of functional mitochondria, which enhances macrophage oxidative phosphorylation.
Discussion
The following conclusions can be drawn from this study:
1. MSCs reprogram human macrophages in the presence of E. coli LPS and BALF from patients with ARDS via paracrine mechanisms; the Definition of abbreviations: CCL = chemokine (C-C motif) ligand; MSC = human mesenchymal stromal cell; ND = no data; TNF-a = tumor necrosis factor-a. Data are presented as mean 6 SD.
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MSC-induced macrophage phenotype is characterized by a dampened inflammatory cytokine secretory profile, increases expression of the M2 marker CD206, and enhances phagocytic capacity (Figures 1 and 2 ).
MSC-derived EVs expressing CD44 are
partially responsible for the suppression of MDM TNF-a production and promoting phagocytosis (Figure 3 ).
MSC-derived EV-treated murine AMs
protect against endotoxin-induced lung injury in vivo (Figure 4 ). 4. The transfer of functional mitochondria in EVs is responsible for MSC antiinflammatory and phagocytosisenhancing effects on macrophages in the inflammatory environment through the promotion of oxidative phosphorylation ( Figures 5 and 6 ).
Phinney and colleagues previously showed that MSCs donate their mitochondria to human macrophages under oxidative stress via EV-mediated transport, thereby enhancing their bioenergetics (24) . Our group recently showed that mitochondrial transport via tunneling nanotubes from MSCs to MDMs was important for enhancing phagocytic capacity (19) . The present study shows, for the first time to our knowledge, that the transfer of mitochondria via MSC-derived EVs promotes phagocytosis and suppresses proinflammatory cytokine secretion by human macrophages. This mitochondrial transfer was associated with increased oxidative phosphorylation in MDMs that was necessary for these modulatory effects. Moreover, this work demonstrates that modulation of AMs by MSC-derived EVs is sufficient to mitigate lung injury in vivo.
We first sought to characterize human macrophage modulation by MSCs in the in vitro models of inflammation by investigating cytokine and chemokine secretion, expression of characteristic surface markers, and phagocytic activity. MSCs were able to reduce MDM production of two major proinflammatory cytokines associated with ARDS severity-TNF-a and IL-8 (42, 43)-in the presence of E. coli LPS ( Figures  1A and 1B) . This corroborates previous reports showing that MSCs are able to suppress secretion of proinflammatory cytokines by macrophages (40) . Other tested M1-and M2-associated cytokines and chemokines were undetectable or unaffected by MSCs, although the M2 chemokine CCL22 was reduced (Table 1) . Notably, IL-10 was not detectable in these cultures; this is in contrast with a number of reports describing up-regulation of IL-10 production by macrophages that are cultured with MSCs (40, 44) . This discrepancy may be explained by the inherent variability of the immunoregulatory capacity of MSC donors. Moreover, macrophages differentiated in GM-CSF, as in the present study, have been shown to express low levels of IL-10 after LPS treatment (45) .
MSCs consistently up-regulated expression of the key M2 macrophage marker CD206 in the presence of LPS, whereas other markers of M1 and M2 macrophages were unaffected ( Figure 1C and Table 2 ). This is in agreement with previous reports describing MSC induction of M2-type macrophages characterized by CD206 expression (40, 46) . The lack of effect on other M1/M2 markers is perhaps a reflection of the lack of well-defined markers to unambiguously define the human macrophage activation state (47) . It could also be explained by the different methods used for achieving monocyte differentiation and macrophage stimulation; in our studies, we used GM-CSF as a differentiation factor to model AMs (48, 49) . GM-CSF also promotes an M1-like phenotype, more closely mimicking activated AMs that would be present in the alveoli of patients with ARDS. MSCs were able to increase the proportion of phagocytic MDMs in the presence of LPS ( Figure 1D ). This adds to the body of literature supporting the phagocytosis-enhancing effects of MSCs on both macrophages and monocytes (8, 10, 19, 27) .
This study demonstrates, for the first time to our knowledge, that MSCs are capable of modulating MDM phenotype and function in the presence of BALF from patients with ARDS. MSCs were able to reduce TNF-a secretion, increase CD206 expression, and promote phagocytosis in MDMs exposed to ARDS BALF (Figure 2) , effectively mimicking the distal lung microenvironment of these patients. Induction of a less proinflammatory AM that exhibits increased phagocytic capacity may improve outcomes in ARDS, which is classically associated with a rampant inflammatory response and substantial bacterial burden, such as sepsis-or pneumonia-induced ARDS (1) . These data add valuable clinical relevance to these in vitro studies. Importantly, we previously showed that MSCs are able to migrate into the alveolar spaces even when given intravenously (19) ; therefore, it is plausible that MSCs may produce similar effects on AMs of patients. Additionally, the capacity of MSCs to induce polarization toward M2-type monocytes/macrophages, identified by CD206 expression, may serve as a biomarker for MSC efficacy in clinical samples. EVs have emerged as a major contributor to the therapeutic effects of MSCs in lung injury, capable of recapitulating many of the effects of the whole-cell therapy (25) (26) (27) . CD44 expression on MSC-derived EVs was shown to be necessary for their uptake and therapeutic effect on target cells (27, 50) . In the present study, prevention of EV uptake by MDMs using anti-CD44 neutralizing antibody abrogated the ability of MSC CM to reduce MDM TNF-a secretion and enhance phagocytosis (Figures 3B and 3C ). This suggests that MSC-derived EVs are primarily responsible for MSC modulation of MDM function.
To confirm the importance of MSCderived EV uptake by AMs in lung injury in vivo, endotoxin-injured mice were given murine AMs pretreated with MSC-derived EVs ex vivo. AMs exposed to MSC-derived EVs, but not untreated AMs, were able to significantly reduce the extent of lung injury after 24 hours, as demonstrated by reduced inflammatory cell recruitment and decreased BALF protein levels (Figure 4) . These data corroborate our previous findings where clodronate-based depletion of AMs abrogated the beneficial effects of MSCs in lung injury in vivo, demonstrating that AMs are cellular mediators of the MSC effect (19) . Importantly, these new data not only highlight AMs as key cellular targets of MSC-derived EVs but also emphasize an essential role of AMs in mitigating lung injury. This is the first study, to our and completely prevented MSC enhancement of (Ci) the proportion of phagocytic MDMs as well as (Cii) their phagocytic index (Phago; n = 5 for all groups). One-way analysis of variance with Bonferroni's post hoc test was used. Data are presented as mean 6 SD. *P , 0.05; **P , 0.01. APC = allophycocyanin; Cy = cyanine; FITC = fluorescein isothiocyanate; FSC = forward scatter; MFI = median fluorescence intensity; PE = phycoerythrin; PerCP = peridinin-chlorophyll-protein complex; SSC = side scatter.
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knowledge, of the efficacy of adoptive transfer of AMs in endotoxin-induced lung injury. Adoptive transfer of macrophages has also been investigated in colitis and airway hyperresponsiveness, with promising results (51, 52) . Litvack and colleagues also showed that, although not true AMs, stem cell-derived, alveolar-like macrophages improved bacterial and neutrophil clearance in another model of lung injury (49) , but further study is required to determine the safety and feasibility of these treatment modalities. Moreover, these data contribute to the growing body of literature that suggests the potential of MSC-derived EVs as a therapy in place of MSCs (25) (26) (27) . Although there have been no reports of MSC-induced neoplasia to date, EVs cannot themselves transform to form tumors, reducing the potential risk associated with cell-based therapy. It has been shown that different methods of isolation can influence vesicle yield, purity, and contents (53) . Obtaining a sufficient quantity of EVs from MSCs for their effective use in the clinic also presents a significant challenge; a consensus must be reached on the optimal culture conditions and EV isolation protocols to standardize this process. Our group and others' have previously shown the transfer of mitochondria from MSCs to human macrophages via EVs (19, 24) . In this study, MSC-derived EV-mediated mitochondrial transport to MDMs was visualized by fluorescence microscopy ( Figure 5B ). The treatment of MDMs with MSC CM resulted in enhanced bioenergetics in the macrophages, as evidenced by increased basal mitochondrial respiration as well as ATP turnover. MSC CM taken from rhodamine 6G-pretreated MSCs with dysfunctional mitochondria were unable to affect these parameters ( Figure 5C ). These findings are in line with previous reports of improved bioenergetics in cells receiving MSC mitochondria, including macrophages, alveolar epithelial ; n = 5 LPS; n = 3 LPS 1 EV-treated AMs). Student's unpaired t test was used for TNF-a (n = 3 LPS; n = 3 LPS 1 EV-treated AMs). (B) Untreated (unt) AMs had no effect on total or neutrophil cell counts and had no effect on BALF TNF-a or protein levels. One-way analysis of variance with Bonferroni's post hoc test was used for total cell and neutrophil counts and BALF protein (n = 4 PBS; n = 4 LPS; n = 5 LPS 1 untreated AMs). Student's unpaired t test was used for TNF-a (n = 5 LPS; n = 5 LPS 1 untreated AMs). (C) Cytospins of BALF preparations demonstrated inflammatory cell recruitment to the airspaces after LPS injury and reduced cell numbers after treatment with EV-treated AMs but not after treatment with untreated AMs (original magnification, 320). Data are presented as mean 6 SD. *P , 0.05; **P , 0.01; ***P , 0.001.
cells, and vascular endothelial cells (9, 18, 19, 24, 54) . To confirm that production of soluble mediators was sustained in rhodamine 6G-treated MSCs, angiopoietin 1 and IL-8 levels were quantified after LPS treatment with or without rhodamine 6G pretreatment. Although diminished, these paracrine factors were still produced at high levels, suggesting that paracrine secretion by MSCs was not greatly affected by inhibition of their mitochondrial function ( Figures  E3B and E3C ). M1 proinflammatory macrophages have been shown to use glycolytic metabolism (31) . Vats and colleagues highlighted the importance of mitochondrial oxidative phosphorylation in the induction of M2-type macrophages through IL-4 signaling. They observed that mitochondrial inhibition in macrophages blocked the antiinflammatory effects of IL-4 (30) . In the present study, addition of the mitochondrial inhibitor oligomycin prevented the suppression of TNF-a and the enhancement of phagocytosis in macrophages by MSC CM, demonstrating that the MSCs' effect is critically dependent on oxidative phosphorylation ( Figures 6A and 6B) . We hypothesized that mitochondrial transfer via MSCderived EVs was responsible for both enhancing MDM phagocytosis and suppressing proinflammatory cytokine production through the promotion of oxidative phosphorylation. Indeed, MSC CM taken from rhodamine 6G-pretreated MSCs with dysfunctional mitochondria had no effect on TNF-a production, phagocytosis, or CD206 expression in LPStreated MDMs (Figures 6C-6E) .
This study has limitations. In the BALF experiments, we used ARDS BALF diluted to 30% by volume; while exposing the MDMs to all of the constituents of the ARDS microenvironment, this effectively reduced the concentrations of the stimuli it contained. The endotoxin-induced lung injury model was relatively mild (14, 25) ; however, the primary aim of the in vivo experiments was to provide a proof of principle that AMs are important cellular mediators of MSC-derived EV effects using a gain-of-function approach. Additionally, we did not investigate the mechanisms by which MSC-derived EV-treated murine AMs are protective in lung injury. In conclusion, this study demonstrates that in the inflammatory environment of ARDS, MSCs modulate human macrophages toward decreased production of proinflammatory cytokines, increased expression of the M2 phenotype marker CD206, and enhanced phagocytic capacity. MSC-derived EVs carrying mitochondria are responsible for these effects through the promotion of oxidative phosphorylation in macrophages, uncovering a novel mechanism of modulation of macrophage polarization. Moreover, this work suggests that changes in AMs induced by MSC-derived EVs are sufficient to elicit protection in lung injury in vivo. The ability of MSCs to promote CD206 expression in human macrophages may serve as a biomarker of MSCs' efficacy in patients with ARDS. n Oligomycin also prevented MSC CM enhancement of the proportion of (Bi) phagocytic MDMs and (Bii) phagocytic index (Phago; n = 7 for all groups). Pretreatment of MSCs with rhodamine 6G (an irreversible ATP synthase inhibitor) similarly reversed MSC CM capacity to (C) suppress TNF-a production (n = 4 all groups), (D) enhance the phagocytic capacity of MDMs (n = 4 all groups), and (E) promote M2 marker CD206 expression (n = 5 for all groups). All analyses were done by one-way analysis of variance with Bonferroni's post hoc test. Data are presented as mean 6 SD. *P , 0.05; **P , 0.01; ***P , 0.001. FITC = fluorescein isothiocyanate; MFI = median fluorescence intensity.
